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　 Fatigue behavior of titanium alloys such as Ti6242S and gamma TiAl was investigated as they
are widely used as high performance material in gas turbine engine components due its high specific
strength, oxidation resistance and erosion resistance. To further improve their fatigue life in those
applications, surface modification was carried out by coating those materials with TiAlN which has
enhanced oxidation, wear and erosion resistance. Initially the fatigue test was conducted at room
temperature for uncoated and then for coated specimens. TiAlN coating was done under different
substrate bias voltages. In the first part of this study, coating done under lower bias voltages exhibits
degraded fatigue life than that of uncoated specimen where the fatigue crack initiate from the coating
layer surface. Whereas the coated specimen under higher bias voltages exhibits enhanced fatigue life
than uncoated specimen where the fatigue crack initiate from the subsurface of the substrate. The
compressive residual stress induced in the coating layer was significantly increased with increasing
bias voltage, which dominantly influence the fatigue behavior and fatigue mechanism of coated spec-
imens by supressing the crack to initiate from the coating layer thereby improves the fatigue life
especially in the case of high bias voltage coating. In the second part of this study, the optimum
coating thickness that enhances the fatigue life is investigated for two titanium alloys coated with
TiAlN under lower and higher bias voltages, in which the specimens were coated with various types
of thickness for each bias voltage. Under the same applied stress amplitude, the optimum thickness
for the longest fatigue life was unchanged regardless of the bias voltage. The conclusion obtained
in the present study is that there exists optimum thickness and the reason is explained based on the
variation of fatigue crack initiation mechanisms of the coated specimen depending on the coating
thickness. 　 As a third part of study, the fatigue strength tests of TiAlN coated Ti-alloys were car-
ried out to investigate the suitable coating process condition for avoiding the degradation of fatigue
strength and ensuring the enhanced fatigue strength of TiAlN coated Ti-alloys. For that, a critical
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relationship between the applied stress and bias voltage is formulated for proper selection of bias
voltage. The coating process condition that avoids degradation of fatigue life of coated specimen
was recommended by the investigation results. Overall from the study, the titanium alloy specimens
coated with TiAlN under higher negative bias voltages with a moderate coating thickness exhibits
enhanced fatigue life in which compressive residual stress plays a dominant role in their enhanced
fatigue behavior. Based on the critical relationship between normalized applied stress amplitude and
bias voltages, a suitable selection method of bias voltage for avoiding the fatigue life degradation of
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Future gas turbine engine components and aircraft engines need high performance materials that
can withstand high operating temperatures. The primary consideration in selecting the new materials
for such applications is to keep the weight minimum. In the high pressure section of gas turbine
engine components, Ti6242S titanium alloy is broadly used with an operating temperature of 538◦C
[1]. At room and high temperature, these applications demand good combination of high specific
strength and adequate errosion/oxidation resistance. In aeroengine applications, higher thrust and
improved fuel efficiency are the major requirements, which focuses the attraction towards TiAl-based
alloys. In the compressor part and low pressure part of gas turbine engines in aerospace applications
these intermetallic alloys are considered as a candidate to replace for conventional titanium alloys and
Ni-based superalloys respectively, because of their high temperature strength, less density and good
oxidation resistance. For the past two decades research activities were targeted in developing gamma
alloy, In automotive engines, γ -TiAl alloys are preferred as suitable material for rotors of turbocharger
[2] and for turbine blades in General Electric’s GENx engines[3].Till now the greatest achievement in
TiAl technology is that the cast Ti-47Al-2Cr-2Nb alloy, successfully passed the certification of FAR33
in 2007 for GEnx engines that power the B787.The strength of these titanium alloys under fatigue can
be enhanced in both room and elevated temperature by applying a protective coating over it. The
role of coating processing conditions on the strength of those titanium alloys under fatigue have been
regarded as promising with respect to the development of coated high performance materials for room
temperature and high temperature applications.
CHAPTER 1. INTRODUCTION 2
1.2 Ti6242S TITANIUM ALLOY
Ti6242S titanium alloy exhibits bimodal microstructure comprising of α phase with crystal struc-
ture of hexagonal close packed and β phase with the crystal structure of body centered cubic. At about
993 ◦ C, α – β transformation temperature or β- transus occurs in Ti6242S. The α stabilizer Al and
interstitials (C,O and N) raise the β –transus. Mo is a β stabilizer [4]. By solid solution strengthening
mechanism, Zr and Sn strengthen the α phase with slight effect on β –transus [4]. Compared to the β
phase, α phase has low ductility and greater strength [5] and hence act as a main strengthening phase
in this alloy. By the formation of a protective TiO2 oxide film, Ti offers better oxidation and corrosion
resistance in different oxidising/corrosive environment [4] . In Ti6242S titanium alloy, the α stabilizer
Al, increases the tensile strength, creep strength and moduli while the alloy density is decreased. Al
exhibits maximum solid solution strengthening limitedly because about 7% of Al enhances ordering
and formation of Ti3Al associated with embrittlement. Tin is an α stabilizer with less potential and
is a solid solution strengthener which is used in conjunction with Al to obtain greater strength without
embrittlement. Zirconium is a weak beta stabilising element that forms a continuous solid solution
with titanium. At low and intermediate temperatures, Zirconium offers better strength. The ductility
and creep strength may be decreased by the use of Zirconium at above 5-6%. The prime beta stabi-
lizer in these titanium alloys is Molybdenum,that increases the heat treatment response of the alloys
noticeably. The alloys that aimed at long term creep strength like Ti6242S have lower molybdenum
content. In high temperature titanium alloys, Silicon is a vital element, as it increases strength at all
temperatures and also has a noticeable advantageous effect on resistance over creep. Small amount of
silicon i.e., from 0.1% to 0.5%Si decreases the stacking fault energy of the alloy comparing with other
alloy systems. By hindering the cross slip the addition of Si declines the mobility of the dislocations
under stress.
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1.3 TITANIUM ALUMINIDE BASE INTERMETALLIC COM-
POUND
Intermetallic compounds are a phase formed at intermediate composition between two pure metal-
lic elements. The crystal structure of these intermediate phase is different from both pure metallic
elements. They exhibits good high temperature strength, lightness and stiffness. Among various clas-
sic intermetallic compounds, titanium aluminide base materials highlights in many applications due to
their high specific strength. The investigations on TiAl and TiAl3 are more recent research works.
Most of the research works were carried out on Ti3Al base intermetallic compound. The possible op-
erating temperatures of titanium aluminide base materials are up to 1000◦C and may eventually find
applications in aero engine components and automotive turbocharger working in this temperature
range. An attractive combination of elevated temperature oxidation and creep resistance, coupled
with high specific strength and modulus, has led to intense interest in major structural and rotating
components such as in engine components, these properties could increase the engine thrust to weight
ratio.Several alloying elements can be introduced to obtain a better overall balance of properties.
1.4 PHYSICAL VAPOUR DEPOSITION OF COATING
he PVD (Physical Vapour Deposition) method is a coating method using an evaporation technique.
By evaporating the coating material from a solid material, a flux of atomistic coating materials can be
produced and then deposited over the object to be surface modified. The erosion and wear behavior of
tools could be improved by hard coatings like borides, carbides or nitrides of the transitional metals.
CVD or PVD methods of coating is preferred based on the temperature that exists during reaction that
are permitted to avoid unwanted treatment that happens to the substrates. Ion bombardment occurs in
all process of PVD except with simple thermal evaporation, which greatly influences higher residual
stresses that can be observed during the deposition of coating material over the substrate. Every
PVD process has three basic steps [6]: • Formation of vapour phase: This needs conversion of solid
3
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state of material to be coat to vapour phase by evaporation, ion bombardment. •Movement of vapour
from the target source to the substrate: The atoms emitted from the target will be moved through
molecular flow conditions. • Growth of film on material surface: The moved molecule will start to
nucleate around the substrate and grow by number of process. The incipient growth of the coating
film determines the interfacial strength between substrate and coating.
1.4.1 Cathodic arc ion plating deposition of coating
Applications such as cutting tools, metal mold, etc. were subjected to coating technique of Ca-
thodic arc plasma which is one of the potential ion plating technique in physical vapour deposition
methods. With the technique of cathodic arc plasma TiAlN, TiN and CrN films are coated over cutting
tools in industries to enhance their operationability. A cathode spot is created while an arc discharge
is formed under medium and higher vacuum environment. There will be no formation of anodic spot
.The coating material is evaporated by the cathode spot which is very active with higher temperature.
A very dense plasma is formed at the cathode spot region, and evaporates the cathode material. The
evaporated cathode material gets ionized and these ionized material gets deposited over the surface to
be coated as a solid film. In physical vapour depositions (PVDs) , arc deposition plays a vital role that
bears merits of higher ion energy, comparing to the other PVD techniques. In cathodic arc technique
the ion source is in solid form so crucible is not required, therefore the solid source is fixed on the wall
of chamber where process is undertaken. The ions generated in the vacuum environment are prone to
react with the working gases due to their high energy. Arc Ion Plating technique deposits film on the
substrate with fine structure and good adhesion, and it suits for wear and erosion resistant coatings.
The applications such as cutting tools and sliding parts targets hard coating methods to meet the in-
dustrial requirements. For example of metals, ceramics, diamond like carbon, some semiconductors
and superconductors , films are deposited by Cathodic arc deposition process which is handled either
in a gaseous atmosphere of low pressure or at higher vacuum environment. To avoid the contami-
nants that are formed by micro droplet, the stream of plasma is filtered and the substrate bias controls
4
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the energy of ions, this pays the path to transform the direct way of deposition method into hybrid
one with other surface modification methods such as ion beam mixing, ion beam–assisted deposition,
and implantation of ions. For the processing of highlighted surfaces, this coating method plays as a
vital tool of plasma. For the deposition of tribological and wear/erosion/corrosion-resistant ceramic
coatings, cathodic arc evaporation PVD method get attracted widely in industrial and structural appli-
cation due to its simplicity in the control of process, sophisticated to deposit multiple component and
multilayer coatings with adaptability to huge coating deposition methods (scaleability).At the cathode
spots, molten droplets get emitted from molten cathode material which are considered as a drawback
in cathodic arc evaporation process. The ejected droplets forms porosity by the impingement of these
droplets into the deposited film, which initiates corrosion for active substrates in corrosive prone en-
vironment [7].The formation of micro droplets could be reduced by some factors such as using the
cathodes at higher melting point, minimizing the arc current, deflection of the cathode spot motion
either by magnetic or electrostatic, arc shielding and by the creation of a compound layer of cathode
by the reaction of gaseous reagents with cathode which has higher melting point (cathode poisoning)
[8]. Majority of these methods affect the deposition rate markedly.
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1.4.2 Working Principle of Arc Ion Plating method
Arc Ion Plating technique is a technique of film deposition by utilization of vacuum arc discharge
between a target (coating film material)which act as a cathode and an anode, evaporating the materials
in the target and ionizing them, and finally depositing it on the substrate surface (the component to be
coated) to which negative substrate bias voltage is biased. This method exhibits the film deposition
with good density and adhesion because of its enhanced ratio of the evaporated materials ionization
.With the coating technique for cutting tools applications, as represented by (Ti, Al) N coating, the
film deposited by this method is now synonymous.Figure 1.1.Shows the schematic of an Arc Ion
Plating technique system. On the lateral side of a vacuum chamber in the AI Plating system,
multiple evaporation sources with a plate target are equipped on it and a table of substrate is fixed
in the vacuum chamber. To assure the even distribution of film thickness in the vertical direction
and to make wider coating surface area, the multiple evaporation sources are arranged in the vertical
direction. To coat more number of substrates evenly along the circumference, a rotating mechanism
is equipped in the table where the substrate is fixed.
Fig. 1.1 Schematic of an AIP system.
6
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1.4.3 Ion Energy Control
The energy of plasma ions in cathodic arc could be controlled which makes it meritable in many
ways, provides a way for performing surface modification by ions similar to that of ion implantation
, ion-beam-assisted deposition depending on the energy phase implemented. For controlling the ion
energy, substrate bias is employed.
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1.5 TITANIUM ALUMINIUM NITRIDE COATING
To enhance the surface behavior of industrial components, there exists major attraction on materials
technology. By improving the surface properties of the materials, the behavior of resistance to wear,
erosion and corrosion could be enhanced by the usage of transitional metal hard coatings. Thereby
compounds of boron, nitrides and carbides are widely preferred in the industrial applications [9].
Their attractive properties like high hardness, good wear and chemical stability prolonged the study of
transition metal nitrides thin films in detail. For improving the ternary and quaternary nitride coating
properties multi/element nitrides had place in major consideration. As TiAlN thin film exhibits good
resistance of oxidation [10] , greater hardness, lower frictional coefficient, and improved resistance
of wear [11] it proves its place more genuine. In dry high speed machining and in conforming tools,
TiAlN is considered as one of the prominent coatings [12] . Erosion, wear and corrosion resistant
coatings are done over industrial components and cutting tools with Physical vapour deposition (PVD)
[13] [14]. Many of the deposition methods such as physical vapour deposition (PVD) ion plating
and chemical vapour deposition are utilized to make TiAlN films with the obtained film possessing the
properties that markedly influenced by the parameters that are used during processing like (substrate
temperature, working gas pressure, bias voltage of substrate, power of plasma, working gas flow
rate). Figure 1.2 Illustrates the influence of surface modification for enhanced productivity with good
quality and highly ecological.
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Fig. 1.2 Effect of surface modification.
1.6 SCOPE OF THIS WORK
Titanium alloy is a heat resistant and light weight material, which is used for high pressure com-
pressor or low pressure turbine blade or impeller of turbo-charger, replacing heavy Ni based superal-
loy. The density of Nickel based superalloy is 9.0 g/ cm3, whereas the density of α-TiAl is 3.9g/ cm3
which highlights the consideration of titanium alloys in gas turbine engine applications with improved
thrust to weight ratio in place of nickel based superalloys. Though titanium alloys exhibit excellent
high temperature properties, wear and erosion resistance, as well as light weight, their wear and ero-
sion resistance at high temperature have to be improved as the structural materials for turbine engine
components. One of the promising technologies for this purpose is the TiAlN coating, as it exhibits
improved oxidation resistance behavior in high temperature applications because of the reason that
the aluminium oxide gets produced which in turn behave as a hindrance for the creation of oxidation
in later timing. The characteristics of coating is greatly influence by the coating processing conditions
such as substrate temperature, bias voltage, working gas pressure, deposition time, coating thickness
e.t., However, so far no systematic investigation have yet examined and filed related on behavior of
titanium alloys coated with TiAlN in fatigue regime, such as influence of coating process condition
and effect of coating thickness, etc. To clarify the fatigue behavior of TiAlN coated titanium alloys is
9
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essential for applying the TiAlN coated titanium alloy as a structural material to turbine engine com-
ponents. There is, therefore, a need for investigating the coating processing conditions that can affect
the fatigue characteristics of the titanium alloys coated with TiAlN . The aim of this study is to
clarify the fundamental behavior of fatigue and mechanisms of fatigue on the titanium alloys coated
with TiAlN and also to validate the significance of processing condition that have been handled during
coating on the fatigue related characteristics of TiAlN coated titanium alloys in detail. The significant
influence of coating proceeding variables such as bias voltage of substrate and coating thickness on
the fatigue behavior of titanium alloys coated with TiAlN were investigated systematically. These
kinds of systematic investigation have not been carried out and are new and original. The schematic
framework of the present thesis work carried out is shown in Fig.1.3. In Chapter 2, to clarify the
basic fatigue behavior and fatigue mechanisms of TiAlN coated titanium alloys, fatigue strength tests
and detail fracture surface observation of the TiAlN coated Ti6242S titanium alloy were carried out.
Surface crack initiation and propagation behavior was also measured by using the replica method.
Based on the results, basic fatigue behavior, fatigue mechanisms and effect of bias voltage on them
were discussed. In Chapter 3, since the coating thickness was kept to be 5 µm in the former chap-
ters, fatigue strength tests of the TiAlN coated Ti6242S and γ-TiAl alloys with coating thicknesses
of 1 µm, 5 µm and 15 µm have been used for the investigation on influence of thickness of coating
over behavior of fatigue. Based on the results, the optimum thickness for the longest fatigue life and
the reasons for the optimum thickness were discussed. In Chapter 4, since the fatigue behavior and
fatigue strength of the coated titanium alloys was found to be intensively affected by the bias voltage
in Chapter 2, to clarify the impact of substrate bias voltage on fatigue mechanism and its behavior
for various substrate alloys, fatigue strength tests of TiAlN coated Ti6242 (as-rolled without solution
treatment) and γ-TiAl alloys were carried out in addition to those of TiAlN coated Ti6242S alloy.
Based on the results, the critical condition of bias voltage for avoiding fatigue strength degradation
by TiAlN coating was also discussed. In Chapter 5, the general conclusions are summarized and
future prospects are presented.
10
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Chapter 2 Effect of bias voltages on fatigue behavior
of TiAlN coated Ti6242S alloy
2.1 INTRODUCTION
Ti6242S titanium alloy with excellent high temperature strength compared to Ti64 alloy was de-
veloped in 1970s. It can be used at higher temperatures up to 565◦C [15]. Since then, it has been
extensively applied as one of the high specific strength heat resistant materials in jet engines, auto-
motive parts and aerospace components. TiAlN coating on Ti6242S alloy has been recently applied
for improving the resistance behaviour of Ti6242S components on corrosion and wear at high tem-
perature. Titanium Aluminium Nitride kind of coatings are known as one of the most excellent
coatings with excellent resistance to erosion, corrosion and wear accompanied with better resistance
to oxidation at elevated temperatures. Synthesization of Titanium aluminium nitride type of coatings
were carried out by many methodologies such as plating by arc ion [16], magnetron sputtering using
direct current [17] and chemical vapour deposition with the assistance of plasma [18]. Industrial
applications such as cutting tools, automotive parts, etc. have a great demand on usage of hard
coatings and wear resistant coatings which are synthesized through cathodic arc ion plating. Modifi-
cation on the properties of deposited films happens by the bias voltage that are biased to the substrate
which induces the energy of ions. These modified deposited film properties were highly influenced
by the magnitude, type and mode of bias voltage[19] [20] [21] [22].The coating processing condi-
tions strongly influences the coating characteristics [23] [24] [25] [26]. TiAlN coating exhibits
hardness to a maximum of 28-32GPa [27]. As the bias voltage increases, the hardness of TiAlN coat-
ings approaches the highest value in which the coating layer possesses uniform and smooth columnar
structure [28]. Additionally the composition of aluminium in the guarantees improved resistance to
temperature until 800 degree celcius [29]. Aluminium oxide is formed as a dense, thin and good
adhered layer of protection to behave as a hinderer for diffusion and thereby deteriorates wear that
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occur by diffusion.[30] [31]. Fatigue behavior of Ti6242S alloy has been investigated. For ex-
ample, fatigue mechanism and influence of dislocation interaction on crack nucleation in fatigue of
Ti6242S alloy without coating have been investigated in [32] and [33], respectively. The fatigue life
improvement of Ti6242S alloy at both room and elevated temperatures was achieved by applying the
Pt ion plating on the surface of Ti6242S alloy [34] . However, publications investigating the fatigue
behavior of TiAlN coated Ti6242S alloy could not be found. Therefore, detailed fatigue mechanism
and properties as well as detailed effect of PVD condition such as bias voltage on fatigue strength of
the TiAlN coated Ti6242S alloy have not yet been clarified. In the present chapter, as the first step
of detailed investigation on fatigue behaviour of TiAlN coated titanium alloys, fatigue strength tests
of STA-treated Ti6242S specimens with TiAlN coating deposited under various bias voltages have
been carried out at room temperature to investigate basic fatigue characteristics and effect of bias
voltage on fatigue strength. Measurements of hardness and residual stress of the coating layer, detail
observations of crack nucleation and propagation behaviour on the surface of the coating as well as
fatigue fracture surface observations were also carried out to discuss basic fatigue mechanisms of the
TiAlN coated Ti6242S alloy.
2.2 EXPERIMENTAL PROCEDURE
2.2.1 Material
The substrate material used in the present chapter was an STA-treated Ti6242S titanium alloy,
which was fabricated by casting and forging. Following STA heat treatment (Solution Treatment and
Aging) was applied, where solution treatment was done at 979◦C for 92min and then air cooling,
and then aging was done at 593◦C for 512min. Chemical composition of the material used is Al
6%, Sn 2%, Zr 4%, Mo 2%, Si 0.1% and Ti balance (in mass percentage). The ultimate tensile
strength and yield strength of the material are considered as 1056MPa and 983MPa respectively [34].
Microstructure of the material is shown in Fig. 2.1.
14
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Fig. 2.1 Microstructure of STA-treated Ti6242S alloy.
2.2.2 Fatigue test specimen
The fatigue test specimen was a round bar tension type specimen, shape and dimensions of which
are shown in Fig.2.2. In order to avoid any defects and micro cracks on the specimen surface that
might be formed during machining processes, the specimen surface was successively polished by
using #240,#320, #500,#800, # 1000,# 1500,# 2400, # 4000 SiC abrasive papers and buff polished
using diamond pastes with particle sizes from 9µm to 1µm. Then the specimens were forwarded to
the coating process. Some specimens were used for fatigue tests without coating. Before fatigue tests,
the specimens were ultrasonically cleaned with acetone for 10 minutes.
15
CHAPTER 2. EFFECT OF BIAS VOLTAGES ON FATIGUE BEHAVIOR OF TIALN COATED
TI6242S ALLOY 16
Fig. 2.2 Fatigue test specimen (All dimensions are in mm).
2.2.3 Coating Procedure
A cathodic arc ion plating system (AIP-SS002, Kobe Steel Ltd.) was used for the TiAlN coating.
Ti50Al50 (at%) target was used for deposition. Prior to deposition, the substrate specimens were
heated and plasma-etched using Ti metal ion bombardment. Pure reactive nitrogen atmosphere of
4Pa was used for the deposition process. The deposition was made at a temperature of 500◦C under
various substrate bias voltages to study their effects on fatigue behavior. No additional annealing
effect on the hardness of the substrate material after the coating process could be found by the hardness
measurements of the substrate material before and after coating process. The deposition duration was
controlled to keep the coating thickness of approximately 5 µm for each bias voltage.
16
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2.2.4 Fatigue test
Fatigue strength tests of STA-treated Ti6242S alloy specimens with and without TiAlN coating
(hereinafter referred to as the coated specimen and the uncoated specimen, respectively) were carried
out using a servo-hydraulic fatigue testing machine with a load capacity of 10 kN at room temper-
ature in air under a stress ratio of 0.1 and a frequency of 20 Hz. The fatigue test was continued up
to complete separation of the specimen. When the specimen was not fractured up to 107 cycles, the
test was stopped. For the uncoated specimens, fatigue tests under various stress amplitudes were con-
ducted to obtain basic S-N curve for STA-treated Ti6242S alloy. For the coated specimens, the fatigue
tests were conducted at the same stress amplitude of 260 MPa to compare their fatigue lives with that
of the uncoated specimen as well as to investigate effect of bias voltage on fatigue life. Surface
crack observation by using a replica technique during the fatigue test was conducted to discuss crack
nucleation and growth behavior. Replifix consisting of silicone rubber is used to take the replica of
specimen surface. The test was repeatedly interrupted at every 5% of number of cycles to failure for
taking the replica. The obtained replica was observed through a digital microscope for clear visual-
ization to measure the surface crack length. Fractographic observation and elemental composition
analysis were performed by using JEOL-scanning electron microscope (SEM) and energy dispersive
X-ray spectrometry (EDX), respectively. Surface morphology of coating was also observed by using
the SEM to identify the coating defects. Stylus Profilometer (Mitutoyo S-3000) was utilized to mea-
sure the surface roughness of the coating. Hardness of coating was evaluated by using Nano-indenter
(Dynamic ultra-microhardness tester) with indentation load of 400 mN and indentation duration of
10 seconds. .
17
CHAPTER 2. EFFECT OF BIAS VOLTAGES ON FATIGUE BEHAVIOR OF TIALN COATED
TI6242S ALLOY 18
2.2.5 Measurement of residual stress
The stress induced in the coating layer during coating process creates intrinsic stress in it which is
stated as residual stress.These stress have been measured through X ray Diffractometer multiple HKL
method with X-ray tube Cu(Kα). The measurement of residual stress is done by sin2 ψ technique
[35] . This measurement of stress determination is carried out by calculating the spacing between
interplanes of the vectors that scattered in various directions.These angular spacing is termed as φ
andψ. The diffraction method is done by averaging the mean value of spacing between interplanes
for those grains which get reflected with the vector that scattered normal to crystal planes hkl. XRD
method of diffraction calculation is carried out in the volume near to the surface. The measuring
method is controlled by the extent of radiation absorption.
Residual stress was determined by measuring mutliple hkl reflections by glancing angle as shown
in Figure 2.3.
Fig. 2.3 Residual stress measurement.
2.2.6 Diffraction Analysis of Residual Stress State
The component that is normal to the surface of the specimen ε zz, is the evaluated component
of residual elastic strain. The direction which is normal to the surface of the specimen is stated as
18
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z- direction. Under the conditions of diffraction that occurs symmetrically,in which the diffracted
rays and the incident x-rays exist at equal angles to the surface of specimen analysed, the interplanar
spacing coplanar with the surface of specimen were determined. By comparing the d-spacing of a
stressed region to that of an unstressed reference d-spacing, the elastic strain componenetε zz can
be assessed [36].
2.3 Result
2.3.1 Characteristics of the TiAlN coating layer
2.3.2 Surface morphology of TiAlN coating
The overall surface morphology of TiAlN coating looked smooth with some coating growth defects.
It is known that the growth defects formed during coating process disturbs the uniformity of coating
and would degrade the quality and strength of coating [37]. It can be found that the growth defects
are not uniform in size. The distribution of defects in on the coating surface is was analysed by using
binalization technique in VHX –Keyence digital microscope under x1000 magnification. The results
of extreme statistical analysis of defect distribution of coatings deposited under different bias voltages
are shown in Fig. 2.4. and Fig. 2.4. As seen from the figure, the maximum areas of defects distributed
are reduced for the coating deposited under higher negative bias voltages. The average and maximum
sizes of growth defect for each bias voltage have been measured from arbitrary ten locations with the
area of 30 µm × 20 µm . The results are shown in Fig 2.5. As found from the figure, the average and
maximum defect sizes decrease with increasing bias voltage. The maximum size of growth defect
measured was found to be about 97.2 µm at the bias voltage of -20V.
The surface profile of TiAlN coating was evaluated by using a contact type stylus profilometer.
The results showed that the average surface roughness values Ra for the bias voltages of -20V, -30V,
-50V, -75V and -100V were 0.1 µm, 0.07 µm, 0.05 µm, 0.05 µm and 0.05 µm, respectively, which
revealed that the average surface roughness slightly decreased with increasing bias voltage. It was
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Fig. 2.4 Extreme statistic analysis of growth defects on the surface of coating layer deposited under various
bias voltages on the STA-treated Ti6242S substrate (a)-20V,(b)-30V.
found from the EDX analysis that the chemical compositions of all TiAlN coatings in atomic percent
were similar regardless of bias voltage, that is Ti in the range from 51.69 to 51.99 at%, Al in the
range from 33.52 to 34.17 at% and N from 14.14 to 14.96 at%, and exhibited that the influence of
bias voltage on chemical composition was not significant.
2.3.3 Residual stress in the coating layer
The compressive residual stress as a function of bias voltage is demonstrated in Fig. 2.6. As seen
from the figure, the compressive residual stress significantly increased by 5.3 times from -1.5 to -8GPa
(the minus sign indicates“ compressive”) with increasing bias voltage from -20V to -100V. Similar
increase in residual stress with increasing bias voltage for TiAlN coatings was reported in [38]. This
increase of residual stress would be attributed to the ion peening effect as in the case of TiC coatings
synthesized by a filtered cathodic arc technique [39] and in the case of magnetron sputtered TiN [40]
and TiC[41] coatings. The input energy of irradiated ion, which produces the intrinsic stress in the
coating layer, increases with increasing bias voltage. This increased intrinsic stress is the main reason
20
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Fig. 2.5 Extreme statistic analysis of growth defects on the surface of coating layer deposited under various
bias voltages on the STA-treated Ti6242S substrate (c)-50V and (d)-100V.
for the increased residual stress with increasing bias voltage.
Fig. 2.6 Relationship between compressive residual stress of TiAlN coating layer and bias voltage.
2.3.4 Hardness of coating layer
The hardness values of TiAlN coating layer deposited under various bias voltages are plotted in
Fig.2.7. As seen from the figure, the value of hardness increased by 1.3 times from 20.6GPa to
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25.9GPa with increasing bias voltage from -20V to -100V. However, the increment of hardness with
increasing bias voltage is not significant compared to the increment of compressive residual stress, as
found by comparing Fig.2.7 with Fig. 2.6. Similar increase in hardness with increasing bias voltage
for TiAlN coatings was reported in [28][38]. While the hardness variation would generally result from
the grain size variation, the texture variation and the residual stress variation, it was concluded that the
residual stress is the dominant factor for TiAlN coating [38][42]. Therefore, the higher hardness under
higher bias voltage would mainly result from an increase of compressive residual stress at higher bias
voltage. Consequently, the variation of intrinsic hardness due to the bias voltage would be much less
than the variation of apparent hardness found in Fig..2.7
Fig. 2.7 Relationship between hardness of TiAlN coating and bias voltage.
2.3.5 Thickness of the coating layer
In order to confirm the thickness of the coating layer, the fracture surface topography of the coating
layer deposited under various bias voltages was observed. All of coating layers tend to look more
columnar, as shown in Fig.2.8. As seen from the same figure, the coating layer thickness was about 5
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µm, which did not depend on the bias voltage. This same coating thickness regardless of bias voltage
was realized by controlling the deposition duration.
Fig. 2.8 SEM cross-sectional view of the TiAlN coating layer deposited under a bias voltage of -75V
through secondary electron imaging.
2.3.6 Bias voltage
Negative bias voltage of substrate is a significant tool and an important coating process parameter
to tailor the microstructure, structural morphology and mechanical properties of TiAlN coating. The
control energy of the ions arriving at the substrate during the coating process is a greatly controlled
by the negative bias voltage biased to the substrate. The coating properties and adhesion of coating to
the substrate is greatly influenced by the applied bias voltage during a PVD process. The larger the
bias voltage, the higher the film strength and endurance are. However, the film adhesion deteriorates
by increasing the applied bias voltage to the substrate. At higher negative bias voltages, the ion
bombardment induces the mobility of ad-atoms, which enhances the destruction of defects, increases
the residual stress and consequently the hardness as well [43]. The substrate bias voltage could
control the microstructure as the ion energy distribution changes. The microstructure of the TiAlN
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coating deposited with negative bias voltage of -35 V exhibits a columnar structure with column
widths of a few hundred nanometers. The change in substrate bias voltage to -70 V increases the ion
energy during bombardment which results in a larger probability for re-nucleation of new grains and
thus a smaller grain size [44].
From－ 20 to－ 50 V bias voltages, the process of generating defects seems to be the predominant
one. In this bias range, the largest changes in mechanical and microstructure parameters could be
observed. From － 50 to － 100 V bias voltages, the induced mobility of adatoms may have led
to the annihilation of some defects, which is observed as not so a large change in mechanical and
microstructural parameters. of -30V and -70V.
2.4 Fatigue strength of the uncoated and coated specimens
To obtain basic fatigue characteristics of the STA-treated Ti6242S substrate, fatigue strength tests
of the uncoated specimens were carried out. The S-N curve for the uncoated specimen is shown in
Fig 2.9. As seen from the figure, the fatigue strength at 107 cycles was about 200MPa. The fatigue
test results of the coated specimens tested at 260 MPa, which was selected by referring the S-N curve
of the uncoated specimen, are also shown in Fig. 2.9. As seen from the figure, the fatigue lives of the
coated specimens deposited under low bias voltages of -20V and -30V were significantly degraded
compared to that of the uncoated specimen. On the other hand, the coated specimens deposited under
higher bias voltages of -50V, -75V and -100V exhibited the enhanced fatigue lives compared to that
of the uncoated specimen.
2.5 Fracture surface observations for the uncoated and coated
specimens
Overall fracture surfaces of the uncoated and coated specimens tested at 260MPa are shown in Fig.
2.10. Fatigue cracks seemed to nucleate from specimen surface for the uncoated specimen and the
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Fig. 2.9 Comparison of fatigue lives of the uncoated specimen and the coated specimens tested at a stress
amplitude of 260MPa.
coated specimens deposited under bias voltages of -20V and -30V, while those for the coated speci-
mens deposited under bias voltages of -50V, -75V and -100V seemed to nucleate from subsurface. To
confirm the crack nucleation behavior in detail, higher magnification view of crack nucleation region
for the coated specimens deposited under bias voltages of -20V and -100V are shown in Fig.2.11.
From Fig.2.11 for the case of lower bias voltage -20V, flat and smooth surface without a step between
coating layer and substrate was observed. The same flat and smooth surface was also observed for the
bias voltage of -30V. On the other hand, from Fig. 2.11 for the case of higher bias voltage -100V, not-
smooth surface with a step between coating layer and substrate was observed. The same not-smooth
surface with a step was observed for the bias voltages of -50V and -75V. It is speculated that if the
crack nucleates from surface of the coating and propagates into substrate, the crack propagates along
the same flat plane without step between coating layer and substrate. It is also speculated that if the
crack firstly nucleates and propagates inside the substrate and then the coating layer failed, a step
between coating layer and substrate would be formed
25
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Fig. 2.10 Overall fracture surface view of the uncoated specimen and the coated specimens deposited
under -20V and -100V.The marks A, B and C represent crack initiation region, crack propagation region
and final fracture region, respectively.
Fig. 2.11 Crack initiation region of the uncoated specimen and the coated specimens deposited under -20V
and -100V.
2.6 Surface crack observations
Since fatigue crack nucleation mechanism might be different between the coated specimens de-
posited under lower and higher bias voltages, as discussed in the section 2.3.3, detail surface crack
nucleation and propagation behavior was observed by the replica method. Since many micro-cracks
were observed on the specimen surface and it was difficult to define which crack would be a main
crack at early stage of crack nucleation, a main crack was firstly defined at later stage of crack prop-
agation and then the main crack was inversely followed from the later stage to the early stage to
confirm the crack propagation curve of the same main crack. Thus, the crack length of the main
crack was measured on the replica taken at every 5 % of number of cycles to failure. From the
results, relationships between crack length on the specimen surface and number of cycles are shown
in Fig.2.12. In the figure, there is no data point for the coated specimen deposited under the bias
voltage of -100V because no crack could be observed on the specimen surface until failure. From the
figure, early crack nucleation was found for the coated specimens deposited under the bias voltages
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of -20V and -30V compared to the uncoated specimen. On the other hand, the crack nucleation was
delayed for the coated specimens deposited under the bias voltages of -50V, -75V and -100V com-
pared to the uncoated specimen. From the results of surface crack observation shown in Fig.2.13,
the relationship between the ratio of crack nucleation life and failure life, Ni /Nf and bias voltage is
shown in Fig.2.13 . In the figure, the ratio of the uncoated specimen is shown at the bias voltage of
0V. From the figure, for the cases of bias voltages of -20V and -30V, the Ni/Nf values were almost
equal or rather small compared to the uncoated specimen, which means fatigue crack nucleation of
these coated specimens takes place in the early stage of life like the uncoated specimen. This result
also suggests that the cracks nucleate from the coating layer for the cases of bias voltages of -20V
and -30V. The specimens that are coated under the bias voltages of -50V shows the critical result
of fatigue life enhancement compared to bias voltages of -20V and -30V, thereby it is identified as
the higher bias voltage on or above which fatigue strength is improved. The compressive residual
stress obtained in the coating layer is higher for the specimens coated with the bias voltage of -50V
and higher than that, which is significantly influence the higher ratio of Ni/Nf in Figure 2.9 for the
specimens coated with -50V and above, in which the higher value of compressive residual stress su-
presses the fatigue crack to initiate from the coating layer. On the other hand, the Ni/Nf values
for the bias voltages of -50V, -75V and -100V are larger than that of the uncoated specimen, which
means the fatigue crack cannot appear on the surface until longer cycles than Ni for the uncoated
specimen, while a fatigue crack nucleates and propagates in the subsurface substrate before the crack
appears on the surface, as discussed based on the fracture surface observations . Especially for the
case of bias voltage of -100V, no cracks could be observed on the specimen surface until final frac-
ture, but fatigue fracture feature was observed on the fracture surface, as shown in Fig. 2.11. This
result clearly suggests that a fatigue crack nucleates and propagates in the substrate and the coating
layer suppresses fatigue crack propagation and/or fracture of the coating layer until final fracture. The
similar suppression of fatigue crack propagation due to hard surface layer with compressive residual
stress in titanium alloys has been reported [45] and [46].
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Fig. 2.12 Relationship between crack length on the specimen surface and number of cycles.
2.7 Discussion
2.7.1 Effect of coating growth defect on fatigue crack nucleation
Based on the coating surface observations, the average size and maximum size of the growth defects
increased with decreasing bias voltage and the maximum size was about 97.2 µm at the bias voltage
of -20V, as shown in Figure2.4 . In this section, it is discussed whether these growth defects could
influence fatigue fracture behavior by assuming that the growth defect is a semi-circular surface crack
with a same projected area of growth defect. The maximum size of an assumed semi-circular surface
crack in the TiAlN coating layer under the lowest bias voltage of -20V can be estimated to be about
48.6µm from the projected area of 50 µm2 which is given by the maximum growth defect size of 97.2
µm and the coating layer thickness of 5 µm. On the other hand, the critical crack size for fatigue crack







)2 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2.1)
28
2.7. DISCUSSION 29
Fig. 2.13 Relationship between the ratio of crack initiation life and fatigue life, Ni /Nf and bias voltage,
where the ratio for the uncoated specimen is shown at the bias boltage of 0V.
Fatigue limit σw for Ti6242S substrate material was obtained as 200 MPa under R is 0.1, as shown
in Fig. 2-7. Therefore, fatigue limit range σw is given as 400 MPa. The threshold stress intensity
factor range δKth for STA-treated Ti6242S alloy was obtained as 5 MPam0.5 under stress ratio 0.1 in
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Therefore, it can be found that the assumed semi-circular surface crack size is closer to the critical
crack size for crack propagation, where the fatigue strength would be influenced by the growth defects.
If considering the applied stress amplitude of 260 MPa instead of the fatigue limit of 200 MPa, the
critical crack size is given as 25.4 µm, which is smaller than the assumed semi-circular surface crack
size of 48.6 µm. Therefore, the growth defects existed in the present coating layer would significantly
influence the fatigue crack nucleation behavior and then the strength.
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2.7.2 Influence of bias voltage on fatigue fracture mechanism
From the foregoing results, fatigue fracture mechanisms for the coated specimens deposited under
lower and higher bias voltages could be schematically illustrated as shown in Fig.2.14 . For the case
of the bias voltages lower than -30V, the fatigue lives of the coated specimens were shorter than the
uncoated specimen and the crack on the specimen surface could be observed in the early stage of
life, earlier than the uncoated specimen. Since the subsurface material of the coated specimen is
the same as the uncoated specimen, fatigue crack growth behavior in the subsurface region of the
coated specimen and the uncoated specimen would be similar. Therefore, this early crack nucleation
of the coated specimen would be the main reason for the degraded fatigue life of the coated specimen
compared to the uncoated specimen. The early crack nucleation for the coated specimens deposited
under lower bias voltages is suggested to result from the low compressive residual stress as shown
in Fig. 2.6., which would be not enough to suppress the crack nucleation from the coating surface.
The lower hardness for the lower bias voltage shown in Fig. 2.7 may have some marginal effects on
the early surface crack nucleation. On the other hand, for the case of the bias voltages higher than
-50V, the fatigue lives of the coated specimens were longer than the uncoated specimen. In these
coated specimens, the crack on the specimen surface could be observed in the late stage of life. As
discussed in the section 2.3.3, a fatigue crack would be nucleated not from the coating layer but in the
subsurface and then propagate toward the specimen center, while the crack is difficult to propagate
into the coating layer with high compressive residual stress shown in Fig.2.6. When the fatigue
cracking area in the subsurface increases to increase the K-value at the interface between coating
layer and substrate enough for break of the coating layer, the surface crack can be observed on the
coating surface. Consequently, the high compressive residual stress suppresses the crack nucleation
in the coating layer and enhance subsurface crack nucleation and propagation. This subsurface crack
nucleation due to the high compressive residual stress induced in the surface coating layer would be
the main reason for the late nucleation of surface crack and then longer fatigue life in the coated
specimens deposited under higher bias voltages. The higher hardness shown in Fig.2.7 may have
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some marginal effects on the late surface crack nucleation.
Fig. 2.14 Schematic illustration of fracture mechanism occurred in the coated specimens deposited under
lower and higher bias voltages.
2.8 Conclusion
In the present chapter, the fatigue strength tests of the STA-treated Ti6242S specimens and those
with TiAlN surface coating layer deposited under various bias voltages were carried out to inves-
tigate effect of bias voltage on fatigue strength and mechanism of the coated specimen. The main
conclusions obtained are summarized as follows:
1. TiAlN surface coatings deposited under higher bias voltages of -50V, -75V and -100V signif-
icantly improved fatigue life compared to the uncoated specimen, while those deposited under
lower bias voltages of -20V and -30V significantly degraded fatigue life compared to the un-
coated specimen.
2. From the detailed fracture surface observations, fatigue crack seemed to nucleate from the
coating layer for the coated specimens deposited under lower bias voltages of -20V and -30V.
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Whereas for the coated specimens deposited under higher bias voltages of -50V, -75V and -
100V, the crack seemed to nucleate from the subsurface in the Ti6242S substrate.
3. From the detailed surface crack observations, the surface crack of the coated specimens de-
posited under bias voltages of -20V and -30V was found to be nucleated in the early stage
of life, earlier than the uncoated specimen. This early crack nucleation would result in the
degraded fatigue lives of the coated specimens deposited under lower bias voltages.
4. The surface crack was observed in the very late stage of life for the coated specimens deposited
under bias voltages of -50V, -75V and -100V compared to the uncoated specimen, which sug-
gested that a fatigue crack nucleated in the subsurface and propagated toward the specimen
center. When the fatigue cracking area increases to break the coating layer, the surface crack
can be observed in the late stage of life. The coating layer could suppress the crack nucleation
for the coated specimens deposited under higher bias voltages.
5. The compressive residual stress in the coating layer significantly increased with increasing bias
voltage. The high compressive residual stress in the coating layer for the coated specimens
deposited under higher bias voltages would take a dominant role in suppression of crack nucle-
ation from the specimen surface and consequently induce the subsurface crack nucleation. On
the other hand, low compressive residual stress for the coated specimens deposited under lower
bias voltages could not suppress the crack nucleation and propagation in the coating layer but
enhance them to degrade their fatigue lives.
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Chapter 3 Effect of coating thickness on fatigue
behavior of TiAlN coated Ti alloys
3.1 INTRODUCTION
In the previous chapters, effects of bias voltage on fatigue strength and fatigue mechanisms of the
TiAlN coated titanium alloy (STA-treated Ti6242S) have been investigated to understand the basic
fatigue behavior of the TiAlN coated titanium alloy. From the results, it has been clarified as: (1)
Fatigue life increases with increasing bias voltage. (2) For the specimens coated under lower bias
voltage with shorter fatigue life, the fatigue crack initiates from coating surface and propagated into
substrate. (3) For the specimen coated under higher bias voltage with longer fatigue life, the fatigue
crack initiates subsurface in the substrate and propagates into the substrate further as well as toward
the coating layer. (4) The compressive residual stress increases with increasing bias voltage. This
higher residual stress at higher bias voltage suppresses the crack initiation in the coating layer, forces
the crack initiation location into subsurface and then enhances fatigue life. In the previous chapter,
the coating thickness is controlled to be 5 µm regardless of bias voltage. As the next step, effect of
coating thickness on fatigue behavior is investigated in the present chapter to know the optimal coating
thickness. Some works on the effect of coating thickness on fatigue behavior have been reported and
the results can be briefly summarized as: For the cases that fatigue life of the coated material is
longer than the uncoated material: (1) For fatigue of Zr-based metallic glass thin film coating on
A7075 alloy [49], during fatigue cycling, slip bands are formed in the crystalline substrate. When
the slip bands propagate to the film/substrate interface, a step-like protrusion is created on the surface
of the film, which eventually forms a crack in the film. The thinner film is flexible and beneficial
to fatigue resistance, while thicker film tends to induce delamination. The residual stress is almost
the same regardless of coating thickness. (2) For fatigue of TiCN coating on 1Cr-1Mo-0.25V steel
[50], since plastic deformation of substrate surface is restricted due to hard film, crack initiation is
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delayed and then fatigue life becomes longer. Crack initiation occurs subsurface in the substrate.
There is no discussion about effect of film thickness in the paper but the optimum thickness can be
observed from the figure. The residual stress is not measured. (3) For fatigue of TiN, TiCN and
TiAlN coatings on 1Cr-1Mo-0.25V steel [51], fatigue strengths and lives are superior compared to
the uncoated specimen. However, systematic trend among three coating thicknesses is not clear and
the data points are in a wide range of scatter. Crack initiation occurs subsurface in the substrate due to
suppression of crack initiation from the coating layer by high hardness and compressive residual stress
in the coating layer. For the case that fatigue life of the coated material is shorter than the uncoated
material: For fatigue of CrN coating on SCM435 steel [52], fatigue life of the coated specimen
is shorter than the uncoated specimen regardless of coating thickness and stress level. Thickness
hardly affects fatigue strength of coating material. The residual stress is almost the same with some
scatter for all three thicknesses. For the case that fatigue behavior straddles above two cases: For
fatigue of TiAlN coating on TiAl intermetallic compound [53], the maximum fatigue strength and
life are obtained at the thickness of 3 µm, where a crack initiates subsurface in the substrate. The
minimum fatigue strength and life are obtained at the thickness of 1µm, where a crack initiation is
induced by failure of coating layer due to deformation of substrate. Fatigue life of the specimen
with coating thickness of 10 µm is shorter than the uncoated specimen, where deep cracks in the
coating layer perpendicular to the loading direction are formed and then propagate into substrate.
The residual stress is not measured. As summarized above, for the effect of coating thickness on
fatigue behavior, it has been hardly understood whether there is the optimum thickness to give the
maximum fatigue strength and what is the reason for it, etc. Furthermore, whether the difference
of crack initiation mechanism influences effect of coating thickness on fatigue strength has been not
yet clarified. In the present chapter, as substrate materials, γ-TiAl intermetallic compound and
STA-treated Ti6242S titanium alloy were used for fatigue strength tests. As the target of the present
study is to determine the fatigue strength of high temperature titanium alloys that are extensively used
in aircraft engine components, γ-TiAl intermetallic compound in addition to STA-treated Ti6242S
titanium alloy used in the previous chapter was used as a substrate material to validate the fatigue
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behavior of these two substrate materials with TiAlN coating. As the bias voltage for coating, -
30V under which fatigue life becomes shorter than the uncoated material and -100V under which
fatigue life becomes longer than the uncoated material were selected. Under each bias voltage the
coating thickness was varied from 1 µm to 15 µm. Before fatigue tests, residual stress, hardness and
Young’s modulus of the coating layer were measured and after fatigue tests, fatigue fracture surfaces
and cracks on the coating surface near the fracture region were also observed. From the results, the
optimum coating thickness and the reason for it were discussed for each crack initiation mode of
surface crack initiation and subsurface crack initiation.
3.2 EXPERIMENTAL PROCEDURE
3.2.1 Material
In the present chapter, two Ti-alloys were used as the substrate materials: one was STA-treated
Ti6242S titanium alloy and the other was γ -TiAl intermetallic compound. Chemical composition,
microstructure with transformed β and primary α phases, and mechanical properties of the STA-
treated Ti6242S have been shown in Chapter 2. For γ -TiAl, the high purity ingot was produced by
the induction skull melting and then heat-treated to form a microstructure with lamellar and equiaxed
gamma phases. Chemical composition is Ti-48Al-2Nb-2Cr (at %). Microstructure of the γ -TiAl has
been shown in Fig. 4.1.of Chapter 4. The yield strength and ultimate tensile strength of the γ -TiAl
material are considered as 439MPa and 534MPa, respectively[54].
3.2.2 Fatigue test specimen
The specimen used for fatigue test was a round bar tension type with dog-born shape. The gage di-
ameters of the specimens were 3.5mm and 3.0mm for STA-treated Ti6242S and γ-TiAl, respectively,
and the gage length was 20mm. The specimen surface was polished by using SiC abrasive papers up
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to #4000 and then followed by buff-polishing with diamond pastes of particle sizes up to 1µm. Before
fatigue tests, ultrasonic cleaning was applied to the specimens.
3.2.3 Coating Procedure
TiAlN coatings with different thicknesses were deposited by a cathodic arc ion plating system
(AIP-SS002, Kobe Steel Ltd.) with a target Ti50Al50 (at %). Detail deposition conditions were the
same as those in the previous study [54]. By controlling the deposition time, the coating thicknesses
of approximately 1 µm, 5 µm and 15 µm for each bias voltage were achieved.
Fig. 3.1 S-N curves for the uncoated specimens with the test results of the coated specimens with different
coating thicknesses for STA-treated Ti6242S.
3.2.4 Fatigue test
The fatigue strength tests of STA-treated Ti6242S and γ -TiAl specimens without and with TiAlN
coating (hereafter referred as the uncoated specimen and the coated specimen, respectively) were
carried out by using a servo-hydraulic fatigue test machine with a load capacity of 10 kN. Detail of
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Fig. 3.2 S-N curves for the uncoated specimens with the test results of the coated specimens with different
coating thicknesses for γ -TiAl.
fatigue test method and conditions were the same as those in the previous chapters. The selected
stress amplitude for the fatigue tests to investigate the effect of coating thickness on fatigue life was
260MPa for STA-treated Ti6242S, which was the same as for the fatigue test to investigate effect of
bias voltage in Chapter 2. That for γ -TiAl was 190MPa, which was selected by referring the S-N
curve of the uncoated γ -TiAl specimen. The fracture surfaces were observed by using a scanning
electron microscope (SEM) to clarify the fatigue crack nucleation location. The cracks on the coating
surface near the fracture region were also observed by using an SEM for further discussion about
reasons for coating thickness effect.
Fig. 3.3 Observation of crack initiation region of the coated specimens deposited under -30V and tested at
260MPa for the substrates of STA-treated Ti6242S.
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Fig. 3.4 Observation of crack initiation region of the coated specimens deposited under -100V and tested
at 260MPa for the substrates of STA-treated Ti6242S.
Fig. 3.5 Observation of crack initiation region of the coated specimens deposited under -30V and tested at
190MPa for the substrates of γ -TiAl.
3.2.5 Measurements of hardness, Young’s modulus and residual stress of coat-
ing layer
Nano-indenter (Dynamic ultra-microhardness tester) was used for measuring the hardness and
Young’s modulus of the coating layer under an indentation load of 400 mN and a loading duration of
10 s. The hardness and Young’s modulus were evaluated as the average value of ten measurements.
The residual stress of the coating layer was measured by the X-ray diffractometer multiple HKL
method [55] using X-ray tube of Cu(Kα).
3.3 RESULTS
3.3.1 S-N curves
S-N curves of the coated specimens deposited under -30V and -100V with various thicknesses
for the STA-treated Ti6242S and γ -TiAl substrate materials are shown in Fig 3.1. and Fig.3.2 ,
respectively. As seen from Fig.3.1, the fatigue lives of the coated specimens deposited under bias
voltage of -30V were shorter than the uncoated specimen. On the other hand, the coated specimens
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Fig. 3.6 Observation of surface crack of the coating near the fracture region for Ti6242S specimen (a)
-30V.
Fig. 3.7 Observation of surface crack of the coating near the fracture region for Ti6242S specimen (b)
-100V.
deposited under bias voltage of -100V exhibited the enhanced fatigue lives compared to that of the
uncoated specimen. The fatigue life of the specimen with coating thickness of 5 µm was the longest
among the three coating thicknesses for both bias voltages of -30V and -100V.
Fig. 3.8 Observation of surface crack of the coating near the fracture region for γ -TiAl (-30V).
As found from Fig..3.2 for γ -TiAl substrate, the fatigue lives of the coated specimens deposited
under bias voltage of -30V were shorter than that of the uncoated specimen. On the other hand,
the coated specimens deposited under bias voltage of -100V could not fracture up to 107 cycles and
exhibited the enhanced fatigue lives compared to that of the uncoated specimen. The fatigue life of
the specimen with coating thickness of 5 µm was the longest among the three coating thicknesses for
39
CHAPTER 3. EFFECT OF COATING THICKNESS ON FATIGUE BEHAVIOR OF TIALN
COATED TI ALLOYS 40
bias voltage of -30V. On the other hand, in case of bias voltage of -100V, since the fatigue lives of the
three coating thicknesses excessed 107 cycles, coating thickness effect could not be discussed.
3.3.2 Fracture surface observations
To obtain information about fatigue crack nucleation mechanism, the fatigue crack nucleation re-
gions on the fracture surfaces were observed in detail by using an SEM, as shown in following figures..
Fig. 3.9 Relationship between distribution of elemental concentration and coating thickness for two sub-
strates.
For the STA-treated Ti6242S uncoated specimen at stress amplitude of 260MPa, a fatigue crack
nucleated from specimen surface without any marks or defects, as seen from Fig.2.11 in Chapter
2. For the coated specimens, smooth surface without step could be observed in case of bias voltage
of -30V regardless of coating thicknesses, as seen from Fig.3.3. On the other hand, in case of bias
voltage of -100V, a step at the interface between coating layer and substrate could be observed re-
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Fig. 3.10 Relationship between hardness and coating thickness for two substrates.
gardless of coating thicknesses, as seen from Fig. 3.4. For the γ-TiAl uncoated specimen tested
at stress amplitude of 190MPa, a fatigue crack nucleated from specimen surface without any defects
or particles, as found from Fig.3.5. For the γ -TiAl coated specimens deposited under -30V, smooth
surface without step at the interface between coating layer and substrate could be observed regardless
of coating thicknesses, as seen from Fig.3.5. In case of bias voltage of -100V, the specimen could
not fracture until 107 cycles and any surface crack could not be observed on the specimen surface
regardless of coating thicknesses.
As discussed in Chapter 2 based on detailed observation of crack nucleation region on the fracture
surfaces as well as crack nucleation and propagation behavior observed on the surface of the coated
specimens during the fatigue tests, in case of smooth surface without step at the interface, fatigue
cracks would initiate from the specimen surface and propagate into substrate. While in case of frac-
ture surface with a step at the interface, fatigue cracks would initiate subsurface and propagate into
substrate and also toward coating layer. Therefore, based on the present fracture surface observations,
it was found that the fatigue crack would initiate from the coating surface for the bias voltage of -30V
and from subsurface in the substrate for the bias voltage of -100V regardless of coating thickness and
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Fig. 3.11 Relationship betwen Young ’s modulus and coating thickness for two substrates.
substrate material.
3.3.3 Surface crack and fracture morphology observed on the coating surface
near the fracture region
Surface cracks and fracture morphology observed on the coating surface near the fracture region for
the STA-treated Ti6242S coated specimen and the γ -TiAl coated specimen are shown in Figs.3.6,3.7.
and .3.8, respectively. As seen from the figures, for all cases of the coating thickness of 1 µm re-
gardless of bias voltage and substrate material, surface cracks and fracture path morphology were
zigzagged and seemed to be significantly influenced by the deformation of substrate crystals such as
slip bands. Similar zigzagged fracture path of coating layer under an influence of the deformation
of substrate crystal has been reported for the TiAlN coating with 1 µm thickness [53]. On the other
hand, for the cases of coating thicknesses of 5 µm and 15 µm regardless of bias voltage and substrate




Fig. 3.12 Relationship between compressive residual stress and coating thickness for two substrates.
3.3.4 Chemical composition of coating layer
The concentrations of the most abundant three elements (Ti, Al and N) were evaluated by using
EDS analysis. From the results, relationships between element concentration (at.%) of the TiAlN
coating and coating thickness for the STA-treated Ti6242S coated specimens deposited under bias
voltages of -30V and -100V and the γ -TiAl coated specimens deposited under bias voltages of -30V
and -100V are shown in Fig.3.9, respectively. As seen from the figure, for all four cases, concentra-
tions of Al and N elements are slightly decreasing with decreasing coating thickness, which would be
mainly induced by an increase of Ti concentration with decreasing coating thickness. The increase in
Ti concentration would be induced by detection of more Ti in the substrate when the coating thickness
decreases. Therefore, element concentrations of Ti, Al and N elements are speculated to be almost
the same regardless of coating thickness.
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Fig. 3.13 Relationship between coating thickness and fatigue life for the coated STA-treated Ti6242S
specimen.
3.3.5 Hardness and Young ’s modulus of the coating layer
Hardness and Young ’s modulus of the TiAlN coatings were evaluated by using a nano inden-
tation method. From the results, relationships between hardness and coating thickness, and between
Young’s modulus and coating thickness for the two kinds of substrate materials are shown in Fig..3.10
and.3.11, respectively. As found from these figures, the values of both hardness and Young ’s mod-
ulus for coating thickness of 1 µm was high compared to those for coating thicknesses of 5 µm and
15 µm and those for higher bias voltage were higher compared to those for lower bias voltage. Since
these measurements were conducted by using an indenter, these behavior would mainly resulted from
the residual stress variation with coating thickness and bias voltage shown in the following section,
where the compressive residual stress was higher for the coating thickness of 1µm and was higher for
higher bias voltage. It is also found that the substrate material hardly influence the values of hardness
and Young ’s modulus.
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Fig. 3.14 Relationship between coating thickness and fatigue life for the coated γ-TiAl specimen.
3.3.6 Residual stress in the coating layer
Relationships between coating thickness and compressive residual stress of the coating layer for the
STA-treated Ti6242S and γ -TiAl coated specimens are shown in Fig.3.12. As seen from the figure,
the compressive residual stresses for the coated specimens with coating thickness of 1µmwere high
compared to those for coating thicknesses of 5 µm and 15 µmregardless of bias voltage and substrate
material. For the coating thicknesses of 5 µm and 15 µm, the residual stresses showed almost the
same. The substrate material didn ’t significantly affect the residual stress
3.4 DISCUSSION
3.4.1 Fatigue crack initiation mechanisms and effect of coating thickness
For further discussion about effect of coating thickness on fatigue life, the relationships between
fatigue life and coating thickness for the substrates of STA-treated Ti6242S and γ -TiAl are shown
in Fig.3.13 and 3.14 , respectively, based on S-N curves shown in Fig.3.1 and .3.2. As seen from the
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Fig. 3.15 Schematic stress distributions under applied stress σa for the coated specimens deposited under
bias voltages of -30V.
figure, the maximum fatigue life was achieved at the optimum coating thickness of 5 µm for both the
substrates. The same optimum coating thickness could be observed for both cases of fatigue crack
initiation mode: one is the surface crack initiation and the other is the subsurface crack initiation.
Similar effect of coating thickness with optimum coating thickness has been reported for CrN coated
SCM435 specimen[52], TiCN coated 1Cr-1Mo-0.25V steel specimen [50]and TiAlN coated TiAl
specimen [53].
To consider dominant factors inducing this effect of coating thickness with the optimum coating
thickness, schematic residual stress distribution without applied stress and stress distribution with
applied stress for the bias voltages of -30V and -100V are shown in Figs. 3.15 and 3.16, respectively.
For the case of bias voltage of -30V, the fatigue lives of coated specimens were shorter than the
uncoated specimen and the fatigue crack initiated from the coating surface regardless of coating thick-
ness. The compressive residual stresses for the coating thicknesses of 5 µm and 15 µm were almost
same magnitudes, while that for the coating thickness of 1µm was larger than them, as seen from
Fig. 3.12. The compressive residual stress in the coating layer substrate should be balanced by the
tensile residual stress in the substrate to maintain the equilibrium of forces, as reported by Kolkman
[56]. Therefore, the magnitude of tensile stress depends on both the magnitude of compressive stress
and the thickness of coating layer, as schematically shown by the dotted line in Fig. 3.15. Since the
compressive residual stress for the coating thickness of 1µm is about two times larger than that for
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Fig. 3.16 Schematic stress distributions under applied stress σa for the coated specimens deposited under
bias voltages of -100V.
the coating thickness of 5 µm but the coating thickness of 5 µm is five times larger than the coating
thickness of 1µm , the tensile residual stress induced in the substrate for the coating thickness of 1µm
is smaller than that for the coating thickness of 5 µm. In cases of the coating thicknesses of 5 µm
and 15 µm, since the compressive residual stress is almost the same, the tensile residual stress for the
coating thickness of 15 µm becomes larger than that for the coating thickness of 5 µm, as seen from
Fig.3.15 . When the maximum cyclic stressσmax is applied to the specimen, the stress increases by
the magnitude of σmax and the stress in the coating layer would become tensile, as shown by the
solid line in Fig.3.15 . As seen from the figure, although the maximum tensile stress for the coating
thickness of 1µm is lower than the coating thicknesses of 5 µm , the fatigue life for the coating thick-
ness of 1µm is shorter than that for the coating thickness of 5 µm . The reason for shorter fatigue life
for the coating thickness of 1µm would be considered as: Failure behavior of the coated specimen
with the coating thickness of 1µm was significantly influenced by the plastic deformation of substrate
crystals, such as slip bands, as seen from Fig. 3.6 for STA-treated Ti6242S and Fig. 3.8 for γ-TiAl,
which would enhance the fatigue crack initiation compared to the case of thicker coating thickness
without influence of plastic deformation of substrate. Similar early fatigue failure of thin coating
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layer of 1 µm under influence of deformation of substrate crystal compared to the thicker coating
has been reported [53]. On the other hand, the reason for shorter fatigue life of the coated specimen
with the coating thickness of 15 µm compared to that for the coating thickness of 5 µm has been not
always clarified. P.H. Tsai et al.[49] reported that thinner coating thickness resulted in longer fatigue
life and thinner coating layer shows flexibility compared to thicker coating layer, which is beneficial
to fatigue resistance. However, this would not be the reason for the present case, since the present
coating thickness range from 1µm to 15 µm is much thicker than the range of thickness from 200nm
to 500nm for Tsai ’s experiments. As shown in Fig..3.15, although the stress level in the coating
layer is almost the same between two coating thicknesses, the stress at the interface for the coating
thickness of 15 µm is higher than that for the coating thickness of 5 µm . A fatigue crack initiation
mechanism of thin film based on the stress and strain concentration at the interface of film/substrate
under the influence of slip band formation in the substrate has been proposed [57]. Therefore, the
higher tensile stress in the substrate near interface for the coating thickness of 15 µm induces more
significant slip bands, which may contribute to earlier fatigue crack initiation in the coating layer and
reduce the fatigue life of the specimen with the coating thickness of 15 µm. For the case of bias
voltage of -100V, the fatigue lives of the coated specimens were longer than the uncoated specimen
and the crack initiated subsurface in the substrate regardless of coating thickness. The compressive
residual stress for the coating thickness of 1µm was about two times larger than those for the coating
thicknesses of 5 µm and 15 µm, which were almost the same, as seen from Fig 3.12. From the same
consideration based on the equilibrium of forces, the residual stress distributions including compres-
sive residual stress in the coating layer and tensile residual stress in the substrate for the three coating
thicknesses are schematically shown in Fig. 3.16. As seen from the figure, the compressive residual
stresses for the case of bias voltage of -100V are large and the stresses in the coating layer even under
the maximum cyclic stressσmax are still compressive, which can suppress the crack initiation from
the coating surface and induce subsurface crack initiation. Although the maximum tensile stress at
the interface for the coating thickness of 1µm is smaller than that for the coating thickness of 5 µm
, the fatigue life for the coating thickness of 1µm is shorter than that for the coating thickness of 5
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µm thicker coating thickness. The reason for the shorter fatigue life of the coating thickness of 1µm
compared to the coating thickness of 5 µmwill be that the fatigue crack initiates subsurface at the
maximum tensile location and propagates towards the center of the specimen and at the same time
the plastic deformation induced near interface in the substrate would induce failure of the thin coating
and lead to earlier fatigue failure of the specimen. On contrary, the thicker coating layer of 5 µm
with compressive stress is hard to fracture until late stage of fatigue failure and could achieve longer
fatigue life. The reason for shorter fatigue life of the coated specimen with the coating thickness of
15 µm compared to that for coating thickness of 5 µm can be speculated as follows: The compressive
residual stresses for both the coating thicknesses are similar as seen from Fig.3.12. As schematically
shown in Fig.3.16, the maximum tensile stress in the substrate for the coated specimen with thicker
coating layer becomes higher compared to that for the coated specimen with thinner coating layer,
which enhances earlier crack initiation in the substrate and then shorter fatigue life for thicker coating
thickness. Since the values of hardness and Young ’s modulus for both two coating thicknesses are
almost the same, as discussed in section 3.3.5, effects of mechanical properties of coating layer would
be not significant.
The foregoing results and discussion are summarized in Fig. 3.17 for clarification. As seen from
the table, the fatigue crack initiation mechanism for the coating thickness of 1µm is different from
those for the coating thicknesses of 5 µm and 15 µm and is strongly affected by the plastic deformation
of substrate crystal, which would be the main reason for the degraded fatigue life compared to the
coating thickness of 5 µm. It is also understood that the higher tensile stress near the interface in the
substrate for the coating thickness of 15 µm would be the main reason for the degraded fatigue life
compared to the coating thickness of 5 µm , while the crack initiation modes are different between
bias voltages of -30V and -100V.
There is no special consideration to select each value of the coating thicknesses of 1µm, 5 µm and
15 µm. However, referring the former studies reviewed in Introduction, to find the optimum thickness
with the longest fatigue life among various coating thicknesses, the coating thickness of 1µm is taken
as a thinner side thickness, 15 µm as a thicker side thickness and 5 µm as an intermediate thickness.
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Fig. 3.17 Fatigue crack initiation mechanisms and the related factors.
If the intermediate thickness other than 5 µm would be selected, this intermediate thickness will show
the longest fatigue life instead of the coating thickness of 5µm. However, the conclusion obtained
in the present study is that there exists the optimum thickness and the reason for this is explained
based on the variation of fatigue crack initiation mechanisms of the coated specimen depending on
the coating thickness. The specimen coated with the thickness of 5 µm exhibits improved fatigue
strength regardless of bias voltages, as the thickness is optimum enough to withstand the plastic
deformation of the substrate with less tensile residual stress at the substrate/coating interface.to large
extent compared to the specimens coated with 1µm and 15 µm. Thus, the optimum coating thickness




In the present chapter, effect of coating thickness on fatigue strength for TiAlN coated STA-treated
Ti6242S and γ -TiAl deposited under bias voltages of -30V and -100V was investigated in the range
of coating thickness from 1 µm to 15 µm. The effect of coating thickness on fatigue strength was
discussed in detail for both cases of surface crack nucleation mode and subsurface crack nucleation
mode. The main conclusions obtained are summarized as follows:
1. Fatigue lives of the coated specimens with various coating thicknesses deposited under -30V
were shorter than that of the uncoated specimen. The optimum thickness with the longest
fatigue life was 5 µm. From the detailed fracture surface observation, it was found that fatigue
crack initiated from specimen surface.
2. Fatigue lives of the coated specimens with various coating thicknesses deposited under -100V
were longer than that of the uncoated specimen. The optimum thickness with the longest fatigue
life was also 5 µm. From the detailed fracture surface observation, it was found that fatigue
crack initiated subsurface in the substrate..
3. The reason why the shorter fatigue life for the coating thickness of 1µm compared to those for
thicker coatings will be that thin coating layer of 1µm can be affected by plastic deformation of
substrate crystal and then earlier cracking of the coating layer takes place compared to thicker
coating layer, while thicker coating layers of 5 µm and 15 µm are much rigid and hardly affected
by deformation of substrate..
4. The reason why the shorter life for the coating thickness of 15 µm compared to that for the
coating thickness of 5 µm will be that the tensile residual stress in the substrate near the interface
between coating layer and substrate is larger for the coating thickness of 15 µm compared to the





Chapter 4 Suitability of bias voltage for avoiding
fatigue strength degradation by coating
4.1 INTRODUCTION
In the chapter 2, taking up an STA-treated Ti6242S as a substrate material used for turbine com-
ponents, etc., fatigue behavior of TiAlN coated specimen deposited under various bias voltages has
been investigated in detail. It was found from the results that the fatigue crack nucleated from the
specimen surface and the fatigue life was shorter than the uncoated specimen for the case of lower
bias voltages. On the other hand, for the case of higher bias voltages it nucleated from subsurface in
the substrate by supressing crack nucleation from specimen surface due to higher compressive resid-
ual stress and the fatigue life was longer than the uncoated specimen. However, the detail conditions
for avoiding the fatigue life degradation due to TiAlN coating on Ti alloy substrates have not yet been
clarified. In the present chapter, to find the process conditions for avoiding the fatigue life degrada-
tion of TiAlN coated Ti-alloys, fatigue strength tests of TiAlN coating deposited under various bias
voltages on the substrate materials of a γ -TiAl intermetallic compound, an as-rolled Ti6242S and
STA-treated Ti6242S were carried out. Fatigue behavior of these specimens was investigated in detail
and the compressive residual stress of the coatings on different substrate materials was also measured
to clarify the effect of substrate material on residual stress. From the results, the critical relationship
between applied stress and bias voltage was proposed to find the process condition for avoiding the
fatigue life degradation of TiAlN coated Ti-alloy was discussed.
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4.2 EXPERIMENTAL PROCEDURE
4.2.1 Material
In the present chapter, three Ti-alloys were used as the substrate materials. STA-treated Ti6242S
titanium alloy used in the chapters 2 and 3, as-rolled Ti6242S titanium alloy, which was prepared
from the same starting material of STA-treated Ti6242S as a material with different strength and
hardness and γ -TiAl intermetallic compound used in the chapter 3 as one of the different kinds of
high temperature Ti-alloys. For γ -TiAl, the high purity ingot was produced by the induction skull
melting and then heat-treated to form a microstructure with lamellar and equiaxed gamma phases.
Chemical composition of the material used is Ti-48Al-2Nb-2Cr (at%). Microstructure of γ -TiAl is
shown in Fig. 4.1. Chemical composition of the as-rolled Ti6242S is Al 6%, Sn 2%, Zr 4%, Mo
2%, Si 0.1% and Ti balance (in mass %), which is the same as that of the STA-treated Ti6242S used
in the previous study. Microstructure of the as-rolled Ti6242S is shown in Fig. 4.1, which consists of
transformed β (dark) and primary α (white) phases with different morphology from the STA-treated
Ti6242S shown in the previous chapter.
The physical and mechanical properties of the substrate and coating materials are stated as follows:
The young ’s modulus of γ -TiAl, as-rolled Ti6242S and TiAlN are 160-175 GPa,120GPa [58] and
450GPa respectively. The yield stress of γ -TiAl and as-rolled Ti6242S TiAlN are 459MPa [59] and
866MPa respectively. Tensile strength of γ -TiAl and as-rolled Ti6242S are 541MPa and 931MPa
respectively. The hardness values of γ -TiAl, as-rolled Ti6242S and TiAlN are 470HV (4.6GPa),
330HV (3.2GPa) and (20 – 26GPa) respectively. The coefficient of thermal expansion, 1/◦C of γ
-TiAl, as-rolled Ti6242S and TiAlN are 10.8x10−6 [60], 9.3x10−6 [58] and 7.5x10−6 [61] respectively.
The fatigue limit of γ -TiAl and as-rolled Ti6242S are 140 and 200 MPa respectively.
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Fig. 4.1 Microstructures of (a) γ -TiAl and (b) as-rolled Ti6242S.
4.2.2 Fatigue test specimen
Shape and dimensions of a round bar tension type specimen used in the fatigue test are shown in
Fig.4.2. The diameters of the specimen gage part are 3.0mm and 3.5mm for γ -TiAl and Ti6242S,
respectively. However, the difference of the diameter is not due to special purpose and influence of
diameter in the present range of difference would be negligible since the fatigue test is performed
not by rotating-bending but tension-tension axial loading. The specimen surface was successively
polished by using SiC abrasive papers up to #4000 and then buff-polished using diamond pastes with
particle sizes up to 1µm to obtain mirror-like surface. One group of the polished specimens was
forwarded to the coating process. The other group of the polished specimens was used for fatigue
tests without coating. Before fatigue tests, ultrasonic cleaning was applied to the specimens.
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Fig. 4.2 Fatigue test specimen (All dimensions are in mm.) (d=3.0mm for γ-TiAl; d=3.5mm for Ti6242S).
4.2.3 Coating Procedure
TiAlN coating was deposited by using a cathodic arc ion plating system (AIP-SS002, Kobe Steel
Ltd.) with a target Ti50Al50 (at %). Prior to deposition, the substrate specimens were heated and ion-
etched. During the deposition process, pure reactive nitrogen atmosphere and temperature of substrate
were kept to be 4Pa and 500◦C, respectively. The bias voltages were varied from -20V to -100V for
investigating influence of bias voltage on fatigue strength. The coating thickness of approximately 5
µm for each bias voltage was achieved by controlling time for deposition. The resultant coating layer
thickness of about 5 µm was confirmed by the cross-sectional observations of the coated specimens.
Some examples of the observations are shown in Fig.4.3. The coating thickness of TiAlN coating
layer on the STA-treated Ti6242S substrate was also controlled to be about 5 µm, as in the previous
chapter.
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Fig. 4.3 Coating thickness observations through secondary electron imaging for (a) γ -TiAl coated speci-
men and (b) as-rolled Ti6242S coated specimen).
4.2.4 Fatigue test
A servo-hydraulic fatigue test machine with a load capacity of 10 kN was used for the fatigue
strength tests of γ -TiAl and as-rolled Ti6242S specimens without and with TiAlN coating (hereafter
referred as the uncoated specimen and the coated specimen, respectively). The fatigue tests were
conducted at room temperature under a stress ratio of 0.1 and a frequency of 20 Hz. The fatigue test
was continued up to specimen failure, while the test was stopped when the specimen was not fractured
up to 107 cycles. The basic S-N curves of the uncoated specimens were obtained by conducting fatigue
tests under various stress amplitudes. The fatigue tests at the same stress amplitude were carried out
for the coated specimens deposited under various bias voltages to discuss the effect of bias voltage
on fatigue life as well as to compare their fatigue lives with those of the uncoated specimens. Fatigue
fractured surfaces were observed by using a scanning electron microscope (SEM) to clarify the fatigue
crack nucleation location.
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4.2.5 Measurements of residual stress and hardness
NX-ray diffractometer multiple HKL method [55] was applied to measure the residual stress of the
coating by using X-ray tube of Cu(Kα).
Nano-indenter (Dynamic ultra-microhardness tester) was used to measure the hardness of the coat-
ing layer under an indentation load of 400 mN and a loading duration of 10 s. The hardness value
was evaluated as the average value of ten measurements.
4.3 RESULTS
4.3.1 S-N curves
From the fatigue test results, S-N curves for the γ -TiAl and as-rolled Ti6242S uncoated speci-
mens are shown in Fig. 4.4 and 4.5. For γ -TiAl, the fatigue strength defined at 107 cycles was
about 140MPa based on the S-N curve of the uncoated specimen. Based on the S-N curve of the
uncoated specimen, the stress amplitudes for fatigue tests of the coated specimens deposited under
various bias voltages were selected as 190MPa and 210MPa. The fatigue test results of the coated
specimens are also shown in Fig.4.4. As found from the figure, at the stress amplitude of 190MPa,
the coated specimen deposited under -75V and -100V exhibited enhanced fatigue life compared to the
uncoated specimen. The coated specimen deposited under -100V bias voltage did not fail until 107
cycles, which showing significant improvement of fatigue life. On the other hand, the fatigue lives
of the coated specimens deposited under bias voltages of -20V, -30V and -50V were significantly
decreased. At the higher stress amplitude of 210MPa, the resultant fatigue lives of the coated speci-
mens were in the narrow range from 100 to 800 cycles, which were shorter than that of the uncoated
specimen. It is suggested that fatigue lives of the coated specimens deposited even under higher
bias voltages become shorter than that of the uncoated specimen at higher stress amplitudes. For
as-rolled Ti6242S, the fatigue strength defined at 107 cycles was about 200MPa based on the S-N
curve of the uncoated specimen. The fatigue test results of the coated specimens tested at 235 MPa,
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which was selected by referring the S-N curve of the uncoated specimen, are also shown in Fig. 4.5.
As seen from the figure, the fatigue lives of the coated specimens deposited under low bias voltage
of -20V significantly degraded compared to that of the uncoated specimen. On the other hand, the
coated specimens deposited under higher bias voltages of -30V, -50V, -75V and -100V exhibited the
enhanced fatigue lives compared to that of the uncoated specimen. For STA-treated Ti6242S, the
fatigue strength of the uncoated specimen defined at 107 cycles was about 200MPa based on the S-N
curve shown in the previous chapter. Based on the fatigue test results of the coated specimens tested
at 260 MPa, which was selected by referring the S-N curve of the uncoated specimen, the fatigue lives
of the coated specimens deposited under low bias voltages of -20V and -30V significantly degraded
compared to that of the uncoated specimen. On the other hand, the coated specimens deposited under
higher bias voltages of -50V, -75V and -100V exhibited the enhanced fatigue lives compared to that
of the uncoated specimen. From the foregoing results, the fatigue lives of the coated specimens
would increase with increasing bias voltage regardless of substrate materials. However, whether the
fatigue life of the coated specimen is longer than that of the uncoated specimen is not decided only
by the bias voltage, which may be also affected by other factors, such as applied stress level.
Fig. 4.4 S-N curves of the uncoated specimens and the coated specimens for γ -TiAl.
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Fig. 4.5 S-N curves of the uncoated specimens and the coated specimens for as-rolled Ti6242S.
In the present study, for three materials with four levels of stress amplitude including the results of
the previous study, fatigue tests of five specimens with different bias voltages were conducted at each
stress amplitude. The fatigue test results clearly showed the same trend of bias voltage dependence of
fatigue life, where the fatigue life increases with increasing bias voltage, regardless of material and
stress amplitude. Therefore, this trend would be highly reliable, while some scatter will exist around
each data point of fatigue life. Consequently, the authors believe the reliable conclusion could be
obtained, while more data points will be preferable.
4.3.2 Fracture surface observations
Fatigue crack nucleation regions of the fatigue fractured specimens were observed in detail by
using an SEM to obtain information about fatigue crack nucleation mechanism.. For the γ -TiAl
uncoated specimen tested at 210MPa, as can be seen from Fig. 4.6, a fatigue crack nucleates from
specimen surface without any marks or defects for a crack to start. For the coated specimen, smooth
surface without step at the interface between coating layer and substrate could be observed regardless
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of bias voltage. On the other hand, for the γ -TiAl coated specimen tested at a lower stress amplitude
of 190MPa, as seen from Fig.4.7, smooth surface could be also observed in case of bias voltage
of -20V. Similar smooth surface without step was also observed in case of bias voltages of -30V
and -50V. On the other hand, a step at the interface between coating layer and substrate could be
observed in case of bias voltage of -75V. In case of bias voltage of -100V, the specimen could not
be fractured until 107 cycles and any surface crack could not be observed on the specimen surface.
For the as-rolled Ti6242S uncoated specimen tested at 235MPa, a fatigue crack nucleates from
specimen surface without any marks or defects for a crack to start, as seen from Fig 4.8. For the
coated specimens, smooth surface without step could be observed in case of bias voltage of -20V,
similar smooth surface without step was also observed in case of bias voltage of -30V for the as-
rolled Ti6242S coated specimen. On the other hand, a step at the interface between coating layer
and substrate could be observed in case of bias voltage of -75V, as seen from Fig.4.8. Similar step at
the interface between coating layer and substrate was observed in case of bias voltages of -30V and
-50V. In case of bias voltage of -100V for the as-rolled Ti6242S substrate, the specimen could not
be fractured until 107 cycles and any surface crack could not be observed on the specimen surface.
For the STA-treated Ti6242S uncoated specimen, similar fracture surface morphology to that of the
as-rolled Ti6242S uncoated specimen was observed, as shown in the previous chapter. For the STA-
treated Ti6242S coated specimen, similar fracture surface evolution depending on bias voltage as
found for the as-rolled Ti6242S coated specimen was also observed, as shown in the previous chapter.
As mentioned above, smooth surface in the interface region between coating layer and substrate
was observed in case of higher applied stress amplitude and lower bias voltage, which suggests that
the fatigue crack starts from surface and propagates into substrate on the same fracture plane (surface
crack nucleation mode). On the other hand, a step at the interface between coating layer and substrate
was observed in case of lower applied stress amplitude and higher bias voltage, which suggests that
fatigue propagation plane would be different between coating layer and substrate and the fatigue
crack would nucleate in the substrate and propagate to the coating layer and then fracture or fatigue
fracture of coating layer would be induced (subsurface crack nucleation mode). It is noteworthy that
61
CHAPTER 4. SUITABILITY OF BIAS VOLTAGE FOR AVOIDING FATIGUE STRENGTH
DEGRADATION BY COATING 62
fatigue lives of the coated specimens with surface crack nucleation mode are shorter than the uncoated
specimen, while those of the coated specimens with subsurface crack nucleation mode are longer than
the uncoated specimen. The longer lives of the coated specimens would be induced by suppression
of crack nucleation from specimen surface. In the previous chapter, from the results of surface crack
observation on the coated specimen and fatigue fracture surface observation, typically for the bias
voltage of -100V, fatigue fracture in the substrate was visible on the fracture surface, while a crack
couldn ’t be observed on the coating surface until final fracture. Therefore, it is clear that a crack
nucleates subsurface in the substrate and propagates to the coating layer to break in case of the coated
specimens deposited under higher bias voltages, as schematically shown in Fig.2.11 of the previous
chapter .
Fig. 4.6 Crack initiation region of the uncoated specimen and the coated specimens deposited under -20V
and -75V for the substrates of γ -TiAl at stress amplitude σa =210MPa.
Fig. 4.7 Crack initiation region of the uncoated specimen and the coated specimens deposited under -20V
and -75V for the substrates of γ -TiAl at stress amplitude σa =190MPa.
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Fig. 4.8 Crack initiation region of the uncoated specimen and the coated specimens deposited under -20V
and -75V for the substrates of as-rolled Ti6242S at stress amplitude σa =260MPa.
4.3.3 Observations of the coating surface
The surface observations of the coating on the γ -TiAl and the as-rolled Ti6242S substrate materials
deposited under -20V bias voltage are shown in Fig. 4.9. As seen from the figure, the coating growth
defects are visible and their maximum defect sizes are in the range from 36.4 µm to 46.8 µm for
both substrate materials. In the previous chapter, it was confirmed based on the fracture mechanics
approach that the stress intensity factor range of the growth defect was near to the threshold stress
intensity factor range of the substrate material and then the defects with this range of sizes could
become fatigue crack nucleation sites.
Fig. 4.9 Observation of the defects on coating surface deposited under bias voltage of -20V for the sub-
strates of (a) γ -TiAl and (b) as-rolled Ti6242S.
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4.3.4 Residual stress in the coating layer
Relationships between bias voltage and compressive residual stress of the coating layer on the γ
-TiAl and as-rolled Ti6242S substrate materials are shown in Fig.4.10. The same relationship was
obtained for the STA-treated Ti6242S substrate material as shown in the previous chapter. As seen
from the figure, the compressive residual stress for three kinds of the coated specimens significantly
increased with increasing bias voltage. It was also found that the compressive residual stress val-
ues for the coated specimens with as-rolled and STA-treated Ti6242S substrates were almost same,
while those for the coated specimens with γ -TiAl substrate were rather high compared to the case of
Ti6242S substrates. It is reported that the ion peening effect induced the increase of residual stress
in the cathodic arc TiC [39] and magnetron sputtered TiN [40] and TiC [41] coatings. It would be
speculated that similar ion peening effect also induces the increase of residual stress in the present
CA-PVD TiAlN coating. With increasing bias voltage, the input energy of irradiate ion increases and
then the intrinsic stress in the coating increases. The main reason for the increased residual stress
with increasing bias voltage would be due to this increased intrinsic stress.
Fig. 4.10 Relationship between bias voltage and residual stress.
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The estimation of true stress distribution of coating layer is estimated as follows: During the tensile
deformation of the metal, the shear stress is created at the interface between the substrate and the
coating layer and normal tensile stress is transferred into the film. While the tensile strain in the metal
substrate adverses during the testing, cracks transverse to the tension direction start to appear in the
ceramic coating layer. The strain present in the substrate at the first appearance of the transverse
cracks is related to the tensile fracture strength of the coating layer. The crack spacing at the saturated
crack density is related to the interfacial shear strength of the ceramic-metal interface. The key finding
lies in the relationship between the interfacial shear strength (τˆ), film thickness (δ), average saturated
crack spacing (λ), maximum crack spacing at saturation ((λmax = 1.5λ), the applied tensile stress
(σ), and the tensile strength of the ceramic film (σ), as shown below [59]: Oettel and Wiedemann
[62] proposed an equation for estimating residual stress in PVD hard coatings by considering the ion
peening effect, the hetero-epitaxy misfit at the interface and thermal expansion misfit during cooling
as:
σr = σep + σg + σc · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4.1)
where
• σep: stress induced by hetero-epitaxy misfit at interface between coating and substrate
• σg: intrinsic stress induced during growth of coating, where atom or ion peening into lattice
defects induces volume expansion.
• σc : stress induced by the difference of thermal expansion between coating material and sub-
strate material during cooling after deposition.
They considered that the first term can be assumed to be a priori negligibly small or will be relaxed
by misfit dislocation networks. The second term is related only to growth of coating film and not
dependent on substrate material. The third term is related to the thermal expansion misfit between
coating and substrate materials. Therefore, the inclination of the relationship between bias voltage
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and residual stress shown in Fig.4.10 will be the same and independent of substrate material, while
the third term will be influenced by the substrate material. The coefficient of thermal expansion for
STA –treated Ti6242S is same as that of as-rolled Ti6242S. As found from the table, difference of
coefficient of thermal expansion between TiAlN and γ -TiAl is larger than that between TiAlN and
Ti6242S, which indicates the residual stress due to the third term for the γ -TiAl substrate is larger
than that for the Ti6242S substrate. This will contribute to the higher residual stress for γ -TiAl
substrate compared to Ti6242S substrate. The third term is given as [62]:
σC=
EL
(1 − ν) (αL − αS )(Td − T ) · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4.2)
where EL is the Young ’s modulus of the coating, ν the Poisson ratio of the coating, αLand αS the
coefficient of thermal expansion for the coating and the substrate, respectively, and Td the deposition
temperature. Since the difference of the values of (αL−αS ) between γ -TiAl and Ti6242S is 2.7×10−6,
the difference of residual stress between γ -TiAl and Ti6242S substrates can be estimated to be about
0.83 GPa according to Eq.4.2 by assuming the Poisson ratio ν is 0.3 and T is 20◦C, which is similar





(1 − ν)ΣΩicDi · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4.3)
whereΩi is the specific volume change caused by defect i and cDi is the defect concentration. How-
ever, it seems to be difficult to estimate σg value, since detailed information about the characteristics
of the defects is not available.
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4.3.5 Hardness of the coating layer
The relationship between bias voltage and hardness of the coating layer on the γ -TiAl and as-
rolled Ti6242S substrate materials are shown in Fig. 4.11 . The same relationship was obtained
for the STA-treated Ti6242S substrate material in the previous chapter. As seen from the figure, the
hardness value of the coating layer was increased with increasing bias voltage. It is also found that the
substrate material does not influence the hardness of the coating layer. It is known that the hardness of
the TiAlN coating is generally influenced by the grain size, the texture and the residual stress [38, 42]
. However, as concluded in the previous chapter as well as in the reports [28] , the higher hardness
under higher bias voltage would be dominantly induced by higher compressive residual stress at
higher bias voltage, while some other factors during coating process may contribute to an increase
of hardness. The compressive residual stress for the γ -TiAl substrate was rather high compared to
those for Ti6242S substrates . However, since the difference of residual stress between two kinds of
substrates is small compared to the variation of residual stress with bias voltage, an influence of the
difference of residual stress could not be observed.
Fig. 4.11 Relationship between bias voltage and hardness.
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4.3.6 Fracture toughness of the coating layer
Fracture toughness of the coating layer would influence cracking behavior of the coating layer and
then fatigue behavior of the coated material. Fracture toughness of the present TiAlN coated Ti alloys
could not be measured by the indentation fracture toughness test due to large plastic deformation of the
substrate before cracking of the coating layer. Therefore, the dependence of fracture toughness on bias
voltage has been speculated based on the fracture toughness estimating equation for the indentation







· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4.4)
for Vickers indenter [63], where E is Young’s modulus, HV the hardness, P the indentation load and
c the crack length. When the bias voltage is increasing, the hardness is not significantly but slightly
increasing as discussed in the previous section. Therefore, the fracture toughness of the coating layer
is speculated to slightly decrease with increasing bias voltage based on Eq. 4.4, which may be also
induced mainly by the increased compressive residual stress
4.4 DISCUSSION
4.4.1 Critical relationship between applied stress and bias voltage
Relationship between applied stress amplitude normalized by fatigue limit and bias voltage is
shown in Fig 4.12 , where the symbols● and○ represent the fatigue life shorter than the uncoated
material and the fatigue life longer than the uncoated material, respectively. As seen from the figure,
when the normalized applied stress amplitude decreases, the fatigue life of the coated material be-
comes longer than the uncoated material even under lower bias voltages, while the fatigue life of the
coated material becomes shorter even under higher bias voltages when the normalized applied stress
amplitude increases. When the bias voltage increases, the compressive residual stress also increases.
The higher compressive residual stress at higher bias voltage suppresses the crack nucleation from
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surface and then a crack tends to nucleate from subsurface,. The similar fatigue crack propagation
retardation due to hard surface layer with compressive residual stress in titanium alloys has been re-
ported [45] and [46]. The critical condition for avoiding the fatigue life degradation of the coated
material compared to the uncoated material can be estimated based on Fig. 4.12 . In the figure, the
boundary between shorter and longer fatigue lives of the coated material compared to the uncoated
material is presented by the broken line, which is given by the following equations in the bias voltage










) · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4.5)
where BV is the bias voltage. The region upper the broken line is the region of shorter fatigue
life than the uncoated material, while the region below the broken line is the region of longer fatigue
life than the uncoated material. As found from Eq. 4.5 ) as well as from Fig. 4.12 , when the
normalized stress level is lower than 1.12, fatigue life of the coated material would be longer than
the uncoated material regardless of substrate material and bias voltage. This means that if the design
stress amplitude is equal to or lower than the fatigue limit of the substrate material, fatigue strength
and life of TiAlN coated material would be superior compared to those of the uncoated material. On
the other hand, when the normalized stress level is higher than 1.12, larger bias voltage (negative sign)
depending on the applied stress level has to be selected according to Eq. 4.5 for avoiding the degraded
fatigue life compared to the uncoated material. For example, if the design stress amplitude is given
and is higher than 1.12, the bias voltage should be selected to be larger than the BV value obtained
by Eq. 4.5 for avoiding the degraded fatigue life. These information and procedure for avoiding the
degraded fatigue life of the coated material would be useful for reliable and safe design of TiAlN
coated Ti-alloy components.The compressive residual stress for γ -TiAl substrate was rather high
compared to those for Ti6242S substrates. However, since the difference of residual stress is small
compared to the variation of residual stress with bias voltage, it might be considered that Eq. 4.5 is
69
CHAPTER 4. SUITABILITY OF BIAS VOLTAGE FOR AVOIDING FATIGUE STRENGTH
DEGRADATION BY COATING 70
still effective in the range of the present study.
Fig. 4.12 Relationship between normalized applied stress amplitude σa / σw and bias voltage.
In the present study, the following parameters were selected: TiAlN as a coating material, three
kinds of Ti-alloys as substrate materials including the material used in the previous paper, 5 µm as
a coating thickness, five bias voltages as coating process parameters and stress ratio of 0.1. Based
on the proposed critical relationship, which is effective in the range of the present study, when the
normalized stress level is lower than 1.12, fatigue life of the coated material would be longer than the
uncoated material regardless of substrate material and bias voltage.
4.4.2 Transition behavior of crack nucleation mode from surface to subsurface
From Fig.4.12, it can be found that at the same bias voltage the surface crack nucleation mode
changes to the subsurface crack nucleation mode when the applied stress amplitude is reduced. The
fatigue life for the subsurface crack nucleation mode is longer than that of the uncoated specimen.
Therefore, Fig. 4.12 can estimate the condition for the fatigue life of the coated specimen longer
than the uncoated specimen. The region upper the one-dotted line is the region of shorter fatigue life
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than the uncoated specimen, while that lower the one-dotted line is the region of longer fatigue life
than the uncoated specimen. Finally, the figure suggests that fatigue lives of the coated specimens
are longer than the uncoated specimen at fatigue limit level of the substrate material regardless of
substrate material and bias voltage. The current study has limitations in ignoring frequency effect
(Dwell fatigues) and creep (time effects) at high temperature etc.,
4.5 CONCLUSIONS
In the present chapter, the fatigue strength tests of the TiAlN coating deposited on γ -TiAl and as-
rolled Ti6242S substrates in addition to STA-treated Ti6242S substrate used in the previous chapter
were carried out. Based on the results, the critical condition of bias voltage for avoiding the fatigue
strength degradation due to TiAlN coating was discussed. The main conclusions obtained are sum-
marized as follows:
1. The compressive residual stress of the coating layer increased with increasing bias voltage for
three substrate materials. The relationships between bias voltage and compressive residual
stress for three substrate materials were almost coincided each other, while the compressive
residual stress for the γ -TiAl substrate was rather high compared to those for the as-rolled and
STA-treated Ti6242S substrates, which could be explained based on the difference of thermal
expansion coefficient.
2. At the same applied stress amplitude, with increasing bias voltage, the fatigue life of the coated
specimen becomes longer due to increased compressive residual stress. While at the same bias
voltage, the fatigue life of the coated material becomes longer than that of the uncoated material
with decreasing applied stress amplitude. .
3. TBased on the proposed critical relationship, Eq. 4.5, when the normalized stress level is
lower than 1.12, fatigue life of the coated material would be longer than the uncoated material
regardless of substrate material and bias voltage. On the other hand, when the normalized
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stress level is higher than 1.12, larger bias voltage depending on the applied stress level has to




Titanium alloys have been intensively used as structural materials for turbine components, jet en-
gine components, etc. Ti6242S and γ-TiAl Titanium alloys are selected as two substrate materials in
this work to investigate their influence on the properties of coating which affects the performance of
the substrates.As it is well known that the substrate materials plays an important role in determining
the mechanical properties and wear resistance of coatings. and thereby its influence on fatigue behav-
ior of coated titanium alloys, the study has been carried out by coating TiAlN on different substarte
materials.Ti6242S and γ-TiAl Titanium alloys are selected as two different kinds of turbine blade ma-
terials, where γ-TiAl can be applied at much higher service temperature compared to Ti6242S.Under
the present test conditions, the maximum applied stress levels are lower than yield stress for both the
materials. If much high applied stresses are selected, low-cycle fatigue behavior should be considered,
which will be future work. TiAlN coating has been recently applied on the titanium alloy to improve
wear and erosion resistance. However, fatigue strength as well as fatigue mechanism of the TiAlN
coated titanium alloys have not yet been clarified fully, while they are crutial for strauctural design
and maintenance. In the present work, as the basic study on fatigue of TiAlN coated titanium alloys,
the following issues have been worked on: (1) fatigue characteristics, fatigue behavior and mecha-
nisms, (2) critical condition of bias voltage, which is one of main process parameters, for avoiding
fatigue strength degradation compared to the uncoated specimen, (3) effect of coating thickness and
the optimum thickness. Based on the results, following conclusions were obtained.
1. Fatigue strengths of the TiAlN coated STA-treated Ti6242S alloy specimens deposited un-
der higher bias voltages were significantly improved compared to the uncoated specimens,
where a fatigue crack nucleated in the subsurface. On the other hand, the TiAlN coated STA-
treated Ti6242S alloy specimens deposited under lower bias voltages exhibited degraded fatigue
strengths compared to the uncoated specimens, where a fatigue crack nucleated from the coated
surface.
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2. The compressive residual stress induced in the coating layer was significantly increased with
increasing bias voltage, which dominantly influence the fatigue behavior and fatigue mecha-
nism of the coated specimen, where fatigue life of the TiAlN coated STA-treated Ti6242S alloy
specimen increased with increasing bias voltage.
3. At the same applied stress amplitude, fatigue lives for the substrates of as-rolled Ti6242S and
γ -TiAl became shorter than the uncoated specimen with decreasing bias voltage, while they
became longer than the uncoated specimen with increasing bias voltage, similar to the case of
STA-treated Ti6242S substrate. This phenomenon observed for the case of as-rolled Ti6242S
and γ -TiAl substrates also resulted from the increase of compressive residual stress with in-
creasing bias voltage, same as to the case of STA-treated Ti6242S substrate.
4. From the foregoing fatigue test results, the critical relationship between applied stress normal-
ized by each fatigue limit of uncoated specimen and bias voltage to give the boundary between
shorter and longer lives could be obtained. It was found from this relationship that at fatigue
limit level, fatigue life of the TiAlN coated Ti-alloy specimen would be not degraded but en-
hanced compared to the uncoated specimen regardless of bias voltage. While, the higher bias
voltage was required for avoiding the degraded fatigue life at stress amplitudes higher than the
fatigue limit.
5. From the fatigue strength tests of TiAlN coated Ti-alloys with coating thicknesses of 1µm, 5
µm and 15 µm , the optimum thickness with the longest fatigue life could be found to be around
the intermediate coating thickness of 5 µm.
6. It was found from the detailed observations and discussion that the lower fatigue life of coating
thickness of 1µm results from fracture of coating layer under strong influence of deformation
of substrate crystal. On the other hand, the lower fatigue life of 15 µm coating thickness results
from the higher tensile residual stress induced in the substrate near coating layer and at the sub-
strate interface. The fatigue behavior and properties of coated materials would be influenced by
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many parameters, such as coating process conditions, coating thickness, combination of coat-
ing material and substrate material, mechanical properties of coating layer, residual stress, etc.
There have been lots of reports on the effects of these parameters on performance of coatings. In
the present work, the authors have selected TiAlN as a coating material, three kinds of Ti-alloys
as substrate materials, 5 µm as a coating thickness and five bias voltages as coating process
parameters to investigate the critical process condition for avoiding degradation of fatigue per-
formance due to application of coating. Within these ranges of parameter, relation could be
obtained to estimate the critical condition of bias voltage for enhancing fatigue performance of
the coated specimen more than the uncoated specimen.
The effects of multiaxial stress state of residual stress for fatigue crack initiation and propagation
mechanism plays a vital role as the residual stress will be in multiaxial state, while the applied stress
is uniaxial in the loading direction. Furthermore, the residual stress is a static stress, while the applied
stress is a cyclic stress.Therefore, the residual stress in the loading direction will dominantly influence
fatigue crack initiation and propagation behavior.as a mean stress. Above mentioned conclusions
summarized based on the present work have revealed basic fatigue behavior and fatigue mechanisms
of the TiAlN coated titanium alloys, the coating process parameter of bias voltage for avoiding fa-
tigue strength degradation and effect of coating thickness, which were not clarified fully until now.
These findings and conclusions would significantly contribute to structural design of turbine com-
ponents with TiAlN coated titanium alloy as well as process design of TiAlN coating on titanium
alloy. However, there are still various parameters remained, which influence fatigue behavior of
TiAlN coated titanium alloys, such as composition of TiAlN coating which influences mechanical
properties and then fatigue property, coating process parameters which may influence residual stress
of the coating layer, etc. Effects of these parameters needs to be clarified in the future investiga-
tions. High temperature fatigue behavior of the TiAlN coated titanium alloy is an important issue
remained and the related investigations are required in the next step of research. These investigations
would significantly contribute the reliable structural design of high temperature components such as
gas turbines and jet engines. The residual stress maintains the same level as at room temperature
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upto certain temperature which has to be investigated. Therefore, it is expected that even at high
temperatures , the residual stress can suppress crack initiation and propagation in the similar manner
at room temperature.The sustainability of TiAlN coating in high temperature environment has to be
investigated as a future study to investigate the effect of TiAlN coating on fatigue behavior of Tita-
nium alloys under high temperature for suitability to high temperature applications. The effects of
elastic-plastic shake down of substrate on residual stress distribution of coating has to be carried out
as future investigation as it holds the following significance:If the applied stress is high enough to
induce elastic-plastic deformation of substrate near the interface between coating layer and substrate,
the residual stress will be released up to some level at the first cycle under stress control fatigue test.
However, after the second cycle, the deformation behavior will become elastic due to cyclic harden-
ing. On the other hand, under strain control fatigue test the plastic deformation near the interface will
be cyclically induced, which significantly release the residual stress and influence the fatigue behav-
ior of the coated materials. Investigation on detail of residual stress relaxation due to cyclic plastic
deformation will be carried out as future work.
In the case of high temperature applications such as gas turbine engine components,creep is the
dominant failure factor which has to be considered as a major issue.Regarding to this failure issue,the
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